The presence of small quantities of sulphamlamide m a highly purified acidic copper sulphate electroplatmg bath alters the growth habit of copper on a single-crystal Cu (110) plane At a given current density a transltmn from a ridge type of growth to broken ridges and then to polycrystalhne growth is observed with increasing sulphamlamlde concentratmn. The mechamsm of the deposltmn process m the presence of sulphamlamide is discussed using ~ versus log z curves. These effects are attributed to complex formation, decomplexatmn and the adsorption of sulphamlamlde
Introduction
The mechamsm of electrocrystallizatlon has been made generally more comprehensible by the theoretical and experimental investigations of recent years (e.g. by Gerlscher [1] and Bockrls [2] ) The study of the mechanism of crystal growth under electrocrystalhzatlon conditions can be divided into two stages.
The first stage deals with the kinetics of deposition when the surface of the substrate is not changing, z.e when only a monolayer of metal is deposited. Conway and Bockr~s [3] have suggested that metal electrodeposltlon occurs in three steps. (1) charge transfer to give partially hydrated adlons, (i0 surface diffusion of the adions; (hi) the incorporation of the adions into the cathode surface at kink sites.
It has been shown [4] that when copper ~s deposited onto a copper surface the rate-determining step is surface dlffusmn at low current dens~tles and charge transfer at higher current denslhes. The rate equatmn for the charge transfer process is then The second stage ;s the study of crystal growth during prolonged deposition, ~.e. electrocrystallizatlon Damjanovlc et al [5] have shown that the rate-determining step does not change during the prolonged deposition of copper onto copper single-crystal faces from a highly purified bath and also that the rate equation (eqn (1)) holds good Addition agents added to electroplatmg baths to give enhanced physlcal properties (brightness, smoothness, internal stress etc.) usually increase cathodic polarization. We can therefore evaluate the kinetic parameters from the Tafel relation If the kinetic data are correlated with the resulting crystal morphology it may be possible to understand the role of the addlUon agent in crystal growth at the cathode Barnes [6] and Turner and Johnson [7] have invesUgated the effect of addltmn agents (sulphur compounds) on the klnet;cs of electrodeposition and the morphology of electrodeposits.
in the present investigation we studied the effect of sulphamlamlde on the morphology and klneUc parameters of copper deposited from an acidic copper sulphate bath onto a single-crystal Cu(ll0) face. We observed a trans;tlon from mdges to broken ridges and then to a polycrystalhne deposit
Experimental
A single-crystal Cu(110) plane grown m the [110] orientation was used. The omentation was confirmed by etching techniques. A single-crystal copper cathode was fixed in Tygon tubing so that only the (110) face of the crystal was exposed. The (110) plane was first mechanically pohshed together with the Tygon tubing using 3/0 and 4/0 emery papers with ethanol as lubricant. It was cleaned with ethanol, was washed with running dlstdled water and was electropohshed 18] in a 50% orthophosphorlc acid bath at 1.2 V for 30 mm with a large copper cathode. The crystal was removed from the acid soluUon w;thout switching off the current, was washed first with 10% orthophosphorlc acid and then with triply d;stflled water and was immediately transferred to the deposit;on cell !9] An AnalaR copper foil with an area 40 Umes greater than that of the cathode was used as the anode. A freshly prepared copper electrode was used as a reference electrode. The bath consisted of highly pumfied 0.25 M CuSO4 and 0.1 M H2SO 4 to which a known amount of sulphanllamlde was added as required, and deposition was carried out at 2, 5, 10 and 15 mA cm-2 to a copper thickness of 3.6 ~m with a coulombic charge of 10 C cm-2 on the copper single-crystal (110) plane. The cathodic overpotentlal during the deposition was accurately measured using an Elico digital pH meter with an accuracy to + 5 mV. The surface morphology of the copper deposit on the single crystal was examined by phase contrast microscopy at a magnificatmn of 625×, and microphotographs were taken.
Results

1. Surface morphology 3.1.1. At 2 mA cm-2
As reported by earlier workers [10] , ridges aligned m the [100] direction were observed when copper was deposited onto the (110) face from pure solution (Fig 1) . When the concentration of sulphanllamlde m the bath was 10 -12 mol 1 1 distorted ridges aligned in the [110] direction were obtained (Fig. 2 ). An increase in the concentration to 10 10 mol 1-1 produced broken ridges (Fig. 3) . At 10-s mol 1-1 small thread-like broken ridges were observed (Fig. 3) which at 10 7 mol 1 i were becoming polycrystalline (Fig. 4) . At 10-6 mol 1 1 polycrystalhne growth was observed (Fig. 5) . 
At 5 mA cm 2
A fine ridge type of growth aligned in the [100] direction was observed at 5 mA cm -2 in the pure acidic copper sulphate bath (Fig. 6) . At a concentration of 10 12 mol 1-1 sulphanilamide broken ridges aligned in the [100] direction were obtained (Fig. 7) and on increasing the concentration to 10-1° mol 1 '-1 small thread-like ridges appeared (Fig. 8 ). At 10 s mol 1-1 larger irregular ridges with pyramids were observed (Fig. 9) . A further mcrease in the concentration to 10 7 mol 1 1 produced large broken ridges (Fig. 10) . At 10-~ mol 1 1 the broken ridges were becoming polycrystalhne (cf. Fig. 4 ) and at 10 5 mol 1 1 a fully polycrystalline deposit was observed (cf. Fig. 5 ). 
At 10 mA cm-2
In pure solution a ridge type of growth m the [110] direction was observed. When the concentraUon of sulphamlamide was 10 12 mol 1 1 there was no change in the growth habxt. On increasing the concentration to 10 11 mol 1 1, slightly broken ridges were obtained (Fig. 11 ) which were completely broken at a concentration of 10 10 moli 1 sulphanilamide (Fig. 12 ). At 10 s tool 1-1 a large number of rectangular pyramids were observed (Fig.  13 ). An increase in the concentration to 10 6 tool 1 -1 produced larger broken ridges (Fig 14) . At 10 5 mol l-1 the deposit was polycrystalllne (cf. F~g. 5). 
Overpotential
The overpotentlal on the (110) plane did not change with time when copper was deposited either from pure solution or in the presence of a low concentration of sulphamlamlde (10-12 -10 le mol 1 ') at all current densltles At higher concentrations of sulphamlamlde (above 10 " mol 1 ') there was some increase m the overpotential at all current densities but when the concentration of sulphanilamide was higher than 10-s mol 1 i the change was not regular. In pure solution the slope of the ~ versus log i curve was found to be 120_+ 5 mV and the exchange current density was 2.0 mA cm-2. A hnear versus logz relation was found at lower concentrations (10 -12 -10 6 mol 1 1) of sulphamlamide (Fig. 17 ) and the exchange current densities and the slopes were around 1.7 mA cm 2 and 140 ± 5 mV respecUvely. However, at very high concentratmns (above 10 
Discussion
The linear t/versus log i relation holds for low concentrations (10 12 _ 10 -6 mol 1-1) of sulphanilamide in the bath, indicating that charge transfer is the rate-determining step (Fig. 17) . However, at high concentrations of sulphanilamide (above 10 s mol 1-1) the Tafel behaviour does not hold because the Tafel lines do not reflect the active transfer.
It is known [11] that sulphur compounds are specifically adsorbed on the surface, and the characteristm morphological changes in copper deposits can be explained with the help of Fischer's adsorption theory [12] . It has been found [13] that copper(II) forms a complex (1:2) with sulphanilamlde and that sulphanilamide is not readaly hydrolysed by treatment with boiling acid solutions [14] . Hence the sulphanilamlde forms a complex in the acidic copper sulphate bath, and complexation occurs through the amine group of sulphamlamlde.
The formation of a copper sulphanllamlde complex with copper ~ons suggests the non-availability of sulphamlamlde for adsorption, but during the process of charge transfer the metal 1on has to be freed from the hgands before it enters the tuner Helmholtz plane. At low current densities there may be complexatlon and decomplexatmn near the outer Helmholtz plane but at higher current densmes the complex may be adsorbed at the electrode. At lower concentrations the deposmon process ~s facihtated, however the complex may be precipitated in the interface regmn at h~gher concentratlons
In pure solunon, on the (110) plane the incorporation of adlons along the [100] dlrecnon requires less energy than the lncorporatmn of adlons along the [110] dlrecnon 115] since the [100] row is less densely packed. At current densities of 10 mA cm 2 and 15 mA cm 2 the overpotentxal is increased and the growth direction changes to [110] . This trend is maintained at lower concentrations of sulphamlamlde but at higher concentrations random nucleation takes place, resulting m polycrystalhne growth.
